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LHC Higgs WG1

• Focus on SM Higgs cross-sections and branching ratios, and modeling of 
main backgrounds for cross-section measurements


• include most precise theoretical predictions and reliable uncertainties.


• One subgroup per main production mode (ggF, VBF, VH, ttH) and one 
dedicated to off-shell cross-section and interference with backgrounds.


• Subgroup for branching ratios recently moved to ‘point-of-contact’ mode 
since level of understanding already exceeds current experimental needs.


• Cross-talk with other WGs on many topics— STXS, (SM)EFT, BSM Higgs, etc.


• Annual general meeting in December: https://indico.cern.ch/event/1018653/

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG1
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Theory at work: ggF

9

Obligatory Error Budget Plot
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Progress is steadily beating down 
sources of TH uncertainty

iHixs2: Dulat, Lazopoulos, Mistlberger 18

The precision era mantra: 
TH: Do we miss sources of uncertainty? (PDF MHOU, Schemes, NLP, …) 
EXP: Do we use the most accurate results? (PS validation, Match/ Merge)

Removed 
Czakon, Harlander, Klappert, Niggetiedt 21

Reduced from ~1% to 0.6% 
Becchetti, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer 20; + Bonetti, Panzer, 
Smirnov, Tancredi, Melnikov, …

Also exposing new sources of uncertainty/ areas where we can do better 
Fiducial power corrections (covered previously) 
Next-to-leading power corrections @ threshold Beneke, Garny, Jaskiewicz, Szafron, Vernazza, Wang 19;  

van Beekveld, Laenen, Sinninghe Damsté, Vernazza 21;

Can be removed (?) similar techniques

Needs data/more accurate determination

Missing  PDFsN3LO

Stephen Jones, LHCHWG, Dec 2021 
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Mixed QCD-EW Corrections @ NLOQCD

Increases  by @ 13 TeV, reduces residual uncertainty  
Favouring factorisation of EW corrections:  

Compatible with previous estimates: 
Soft approx: ,         : ,         : 

σtot +5.1 % δ(EW) ∼ 0.6 %
σ = σLO (1 + δQCD) × (1 + δEWK)

+5.4 % MH ≪ MV +5.2 % MH ≫ MV +5.4 %
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Challenging calculations 

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20

Bonetti, Melnikov, Tancredi 17 
Bonetti, Panzer, Smirnov, Tancredi 20

Dominant light-quark contributions 
computed, rather flat K-factor (at 
least for rapidity distribution)

Bonetti, Melnikov, Tancredi 18; Anastasiou, Del Duca, Furlan, Mistlberger, 
Moriello, Schweitzer, Specchia 19 

Anastasiou, Boughezal, 
Petriello 09;

Highlights: ggF
• Results beyond inclusive N3LO QCD


• fully differential 

• including resummation at N3LL’

Also known at  with fiducial cuts 
IR sensitivity can be avoided by resumming fiducial power corrections

N3LL′� + N3LO
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N3LL’ + N3LO Differential
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Billis, Dehnadi, Ebert, Michel, Tackmann 21

Integrating over the resummed result gives prediction for  σfid
σfid = 57.69 (1 ± 2.7%pert ± 2.1%BR ± 3.2%PDF+αs

± 2%EW ± 2%t,b,c) fb

J. Michel/M. Ebert (Friday)

Fiducial results for Higgs  also available at  within the RadISH 
framework

pT N3LL′� + NNLO
Re, Rottoli, Torrielli 21

Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni 21

Billis,  Dehnadi, Ebert, Michel, Tackmann 21

mixed QCD-EW corrections
Bechetti et al 20, Bonetti et al 20

7

NNLO with full top-quark mass

H+1jet @ 2-loop & H @ 3-loop with  using 
numerical solution of differential equations

mT

Czakon, Niggetiedt 20;  
Czakon, Harlander, Klappert, Niggetiedt 21

gg → Hg

Decreases  by @ 13 TeV compared to heavy top limit (HTL) 

Intricate interplay between mass effects  
Complete NNLO results obtained using STRIPPER framework 

Future: 
Technology could be used to include light quark mass effects (large logs/need to resum?)

σtot −0.26 %

gg (+0.62%), qg (−16%), qq (−15%)

2Re⟨M(1)
exact |M(2)

exact⟩ |regulated

Czakon et al 21

beyond HEFT, 
top-mass effects 

@ NNLO 
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EW effects: VBF

• Assessment of electroweak effects and 
uncertainties in simplified-template 
cross-section (“STXS”) bins 


• NLO EW corrections result in two effects:


• Sudakov-enhanced corrections 
 ~ ⍺ log2 (Q/M), larger in signal-rich 
or boosted regions  


• channels with photon in initial state, 
recently under good control (LUXqed)

EWK corrections : EWK H+2 jets at Stage 1.2

The state of the art calculation from HAWK
2.0 arxiv.org/abs/1412.5390

Provides complete NLO QCD and EWK
corrections and includes s-channel and
interferences
Provides predictions for partonic channels with
incoming photons as part of NLO EW
corrections (NNPDF 3.1 luxqed)

EW corrections order of 5-10 % in VBF
production
Enhanced electroweak corrections at high
energies: driven by Sudakov
log↵ ! ↵ log(Q/MW ) at high Higgs pT tail
Uncertainty estimated following the same
prescription as in the Yellow Report 4

�EW = max(0.5%, �2

EW ,��/�VBF )

Proposal for uncertainty scheme:
Since EW correction is driven by Sudakov log, consider �2

EW as pure Sudakov effect : �sud

�� be considered as a separate nuisance for non-Sudakov effect : ��

A. De Maria VBF group activity 5 / 16
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ZH: role of gg contributions

• Enters for first time at NNLO, not well-captured by “precision” calculation at that order.


• Increased role at higher energies (small x) and in the boosted region;  requires 
calculation of this contribution to higher order and jet-merging techniques 


• c.f. recent work demonstrating similar effects in NNLO calculation of VH+jet .
Gauld, Gehrmann-de Ridder, Glover, Huss, Majer 21
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Signal modeling of ggZH process  

➡ Scale uncertainties are quite 
large - full NLO calculation 
important to mitigate effect 
associated to scale variations 

ATLAS & CMS: 
Powheg 

ggZH@LO in 
QCD

ATLAS 2007.02873

ATLAS 2007.02873

CERN YR4

ggZH uncertainties (QCD scale) largely impactful at 
pre- and post-fit level 
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tt̄W : Combining PS and o↵-shell e↵ects
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,! O↵-shell e↵ects very visible in tails of distributions: PS misses single-resonant and

non-resonant e↵ects.

,! PS e↵ects a↵ects broader region of PS, in particular low pT regions

Compensate for tail e↵ects by combining two approaches:
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ttH: study of backgrounds
• Significant background to ttH (multileptons) from ttW process. Important to consider 

QCD and EW production, and off-shell effects. tt̄W : large NLO corrections
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tt̄W : Considering o↵-shell e↵ects
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[Bevilacqua, Bi, Hartanto, Kraus, Worek, arXiv:2005.09427]

(See also: Denner, Pelliccioli, arXiv:2007.12089 and 2102.03246)

,! O↵-shell: uncertainty below 10% independently of scale choice (fixed/dynamic).

,! Large o↵-shell e↵ects in the tails of distributions.

“off-shell 
improved” 

NLOPS

off-shell

Bevilacqua, Bi, 
Febres Cordero, 
Hartanto, Kraus, 

Nasufi, Reina, 
Worek 21
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Off-shell

  3

Theory Status and Progress (I)

● Offshell predictions for gg → H → VV require background gg → VV process to be taken 
into account.

– Makes higher order corrections very difficult to compute!

● Two-loop QCD amplitudes for gg → ZZ and gg → WW including massive quark effects 
now known.

● Substantial computing resources required: still not used in cross section calculations...

[Agarwal, Jones, von Manteuffel (‘20); Brønnum-Hansen, Chen (‘20,’21)]

Nikolas Kauer, 
LHCHWG, 
Dec 2021 

• Sizable contribution 
from off-shell Higgs 
boson


• inclusion of 
interference 
mandatory


• LO already a 
1-loop 2→2 calc. 
(+mt non-zero) 

• Very challenging 
problem even for 
jet-merging 
approach.

  15

Higher Order Corrections: Jet Merging and PS

Use merging to simulate effect of additional radiation.
[Li et al. ‘20] [Talk by Congqiao Li] 

● Merging of 0, 1- and 2-jet samples in gluon fusion  gg → ZZ.

● Higgs-mediated diagrams not (yet) included [work in progress].

● Z decay not included yet [work in progress] 

● MadGraph for matrix element simulation, matched to Pythia with MLM scheme.

Massive increase in 
computational time 
for 2 jet emission!

  15

Higher Order Corrections: Jet Merging and PS

Use merging to simulate effect of additional radiation.
[Li et al. ‘20] [Talk by Congqiao Li] 

● Merging of 0, 1- and 2-jet samples in gluon fusion  gg → ZZ.

● Higgs-mediated diagrams not (yet) included [work in progress].

● Z decay not included yet [work in progress] 

● MadGraph for matrix element simulation, matched to Pythia with MLM scheme.

Massive increase in 
computational time 
for 2 jet emission!
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On-shell interference
• Interference effects in the off-shell region important for unitarity, rather sensitive to 

modifications to Higgs width / other new physics


• Also gives rise to small changes in on-shell 
quantities.


• Well-known case: diphoton production. 
Gives rise to small shift in position of the 
mass peak, potential sensitivity to Higgs width. 

• Also results in percent-level change in the 
cross-section to which expts. will become sensitive


• very tricky for theory — a 2-loop effect (so large 
uncertainty) and cut/jet veto-dependent — but 
recent progress at 3 loops.

Dicus, Willenbrock 88; Dixon, Siu 03; Martin 12; Dixon, Li 13
Background one-loop

Higgs one-loop

Background two-loop
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FIG. 3. Parton level cross section change due to the interfer-
ence e↵ect as a function of the photon scattering angle in the
diphoton rest frame for the SM Higgs. The full NLO result is
shown in solid blue curve. The blue band in the lower panel
represents the scale uncertainty in the calculation of this ef-
fect. The dotted, dashed and dot-dashed lines correspond to
partial calculations where the strong phase is included at var-
ious orders (see text). The partial calculations include only
virtual corrections while the full calculation result includes a
Higgs pT veto of 20 GeV.

of a 2 ! 2 scattering process, which is currently not
tractable. However, on the time-scale over which the ex-
perimental precision could probe deviations at this level,
i.e. the HL-LHC, there will surely be progress in this
direction.

Kinematic Dependence of the Interference

It is important to understand the variation of the in-
terference e↵ect with kinematic variables. In Fig. 3 we
show the di↵erential distribution of the ratio �int/�BW

as a function of the photon scattering angle (in the ��
rest frame) for di↵erent orders of the signal and back-
ground amplitudes for the SM Higgs. The brown dotted
line shows the interference e↵ect at LO (1-loop) in both
signal and background, but without including the signal
strong phase. Staying at this order, but now including
the strong phase in the Higgs amplitude leads to a some-
what larger e↵ect, shown by the green dashed line. As
discussed in Appendix B, the background strong phase
is suppressed by the masses of light quarks at one loop,
but this suppression is absent at the two loop level. We
therefore see a sizable enhancement in this interference
e↵ect once we include the background amplitude at two

LHC 13 TeV
w.o. LHC gg cuts

w. LHC gg cut
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FIG. 4. The cross section change due to interference e↵ect in
the SM, as a function of a veto on the Higgs boson pT . The
magenta and blue lines are for the cases with and without
LHC cuts on the final state photons, respectively. The bands
in the lower panel delimited by the magenta (solid) and blue
(dashed) lines represent the corresponding scale variation on
these interference e↵ect calculations.

loops (magenta, dot-dashed line). This curve is similar
to the estimate of Ref. [7]. The full NLO calculation is
shown by the solid blue line. The slight dilution of the
e↵ect going from the dot-dashed line to full NLO orig-
inates from an enhancement of �BW from real emission
e↵ects. For all curves we see that the interference e↵ect
is largest in the forward direction due to the kinematic
behavior of the interfering background in this region, as
shown in Fig. 5 in Appendix B.
Fig. 4 shows the dependence of �int/�BW as a func-

tion of a veto on the Higgs boson pT . Here we show
the result both with and without LHC cuts on the fi-
nal state photons described earlier in this section. As
discussed earlier, real emission does not induce a sizable
interference e↵ect given that it does not yield additional
sources of strong phase beyond those appearing in the
LO amplitudes. In addition, its contribution enhances
the Breit-Wigner cross section. As a result, relaxing the
Higgs pT veto leads to a larger contribution to �BW with-
out contributing to �int, diluting the �int/�BW ratio.

IV. STRATEGIES FOR PROBING THE
HIGGS BOSON WIDTH

In the following we comment on several important
observational aspects and methods one can envision to
better measure the interference e↵ect and constrain the

5

JC, Carena, Harnik, Liu 17 

Bargiela, Caola, von Manteuffel, Tancredi 21
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WG1 plans
• Update recommended cross-sections with predictions for Run 3 @ 13.6 TeV.


• Simple to extrapolate from existing results (YR4/HL-HE exercise): 
 
 
 
 
 
 
 
 
 

• Better (but more work): incorporate latest theory developments as well.
10



Cross-section update
• New theoretical calculations, e.g. for gluon fusion: N3LO QCD 

(no threshold approx), exact mixed QCD-EW, top-mass effects.


• small shifts in cross-sections and (perhaps reduced) uncertainties. 

• New inputs: primarily PDFs.


• photon PDF (EW uncertainties)


• PDF4LHC21 update, if available.


• WG meeting beginning of Feb. 
to get the ball rolling; plan to 
document in a public note.

CERN LHC Higgs – Dec. 2021 54

Robert Thorne, LHCHWG, Dec 2021 
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Parton shower uncertainties
• Understanding of parton showers now being scrutinized beyond usual “on-off” 

paradigm for estimating non-perturbative effects.


• Example: study of MPI effects in VBF/VBS scattering topologies (Z production). 
Tune HERWIG MPI and color reconnection models to 13 TeV underlying event 
data, propagate effect of ~10% variation.

12

4 C. Bittrich et al.: Soft QCD E↵ects in VBS/VBF Topologies

perturbative structures, we also consider a simulation us-
ing tree-level merging based on MadGraph-generated am-
plitudes [36] and merged with the dipole shower of Herwig
following the method outlined in [37,38]. This simulation
has the same – leading order – accuracy for the descrip-
tion of the third jet, and we can further test if the VBF
approximation is valid in this study. It is vital that we can
reduce the uncertainties of the modeling of the third jet to
actually observe the impact of soft QCD variations on jet
veto observables. These would otherwise be mismodeled
as reflected in large parton shower variations in the case
of the third jet not predicted by an exact matrix element.

Since we are considering the VBF approximation for
most of this study, we do require to set up the analysis
using the VBF phase space region of two energetic tagging
jets at large invariant mass and rapidity separation. Since
this selection is not enforced as strictly as one would feel
comfortable with theoretically, we chose a tight and a loose
VBF cut setup, to probe the transition region towards
which the VBF approximation would not be considered to
be very reliable. To be specific, both sets of cuts require
jets to be defined with the anti-k? algorithm [39], with

p?,j > 25 GeV , |yj | < 4.5 , (7)

and a minimum of two jets. For these two jets, the ‘loose’
setup requires

m12 > 250 GeV , �y12 > 0.0 , (8)

while the ‘tight’ setup requires

m12 > 1000 GeV , �y12 > 2.0 . (9)

In order to evaluate the perturbative uncertainties, we
vary the renormalization and factorization scales by a fac-
tor

p
2 around their central value, which are given by the

H? of the hard scattering

µR,F = M?(Z) +
X

i2jets

p?,i . (10)

These scales, but not their variations, set the hard scale
above which shower emissions are vetoed for the shower
not to produce radiation above the typical scales of the
jets involved in the hard process. The transition towards
the hard phase space is implemented using the ‘resum-
mation profile’ as discussed in [15], and the shower hard
scale is then varied individually with ±

p
2µR,F to obtain

an estimate on how reliable the shower predictions are in
certain regions.

As far as the non-perturbative variations are concerned,
we follow the approach to tune the MPI and colour re-
connection model to 13 TeV underlying event data from
Ref. [40] and then find variations in the parameter space
which correspond to a ⇠ 10% band around the tuned val-
ues. We then proceed to study how these parameter vari-
ations propagate to perturbative VBF observables. The
tuned parameter values and the corresponding parameter
variations are shown in Tab. 1. By varying the param-

tune up down

p
min
? 3.19 3.4 2.9

µhard 0.92 1.2 0.75
pReco 0.63 0.8 0.4

Table 1: Tuned parameter values and parameter varia-
tions.
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Fig. 2: Plot of the mean charged particle multiplicity with
respect to the di↵erence in the azimuth angle �� [40]
for the tuned parameter values and the µhard variations.
The variations cover roughly a ⇠ 10% band around the
description with the tuned parameter values.

eters we still have all the physical mechanisms incorpo-
rated in the simulation. We performed LO an NLO simu-
lations for the full set of parameter variations. The results
of these simulations, including additional observables to
those presented in this article, as well as the Rivet analy-
sis [41] code used can be found at the accompanying web
page [42]. We find that the up and down variations of the
inverse proton radius µhard constitutes the outermost vari-
ations of the third-leading jet VBF observables. Therefore,
this parameter is especially suited for our purposes since it
is directly correlated with the amount of underlying event
activity induced from MPI processes (see fig. 2).

4 Impact of Multi-parton Interactions

We have performed an investigation of the net impact of
the di↵erent model components on the final result of the
simulation. In particular, we found that the contribution
of multi-parton interactions is significant and rises with
increasing jet radius, as one would expect. This is espe-
cially true for distributions of the third jet, and possibly
higher jet multiplicities, which we have not been investi-
gating in great detail. We observe this both at leading, as
well as next-to-leading order matched simulation which
implies that we do not mix model contributions with a
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significant 
(even leading) 

uncertainties under 
VBF/VBS cuts



Parton shower studies
• Part of a larger recent effort, with many studies (especially VBF, ttH WGs), to 

assess compatibility of parton shower predictions and their uncertainties.


• Emphasize bottom-up approach where differences can be ascribed to 
physics choices in underlying models and/or degree of tuning.


• In addition, growing overlap and commonality between the subgroups, e.g. 


• changed hierarchy of production modes in boosted region


• contamination of VBF and VH signals from gluon fusion + jets, multi jet 
matching and merging required to reach sufficient accuracy


• Plan for WG meeting in early spring to engage all subgroups and begin to 
document efforts, collate findings and recommendations. 
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Outlook
• The community continues to push Higgs predictions to new levels of 

precision, with LHC Higgs WG1 aiding optimal theory/data comparison.


• Most anticipated progress probably not by conventional advancing of 
perturbative orders for inclusive cross sections (except hopefully ttH).


• lifting approximations: non-factorisable contributions (VBF), non-
resonant and interference effects, mixed QCD-EW corrections, 
treatment of quark masses (ggF) 
→ reduction and better quantification of uncertainties


• more differential: higher orders across phase space (i.e. + jets) and 
inclusion in parton showers; better understanding of parton shower 
and event generator systematics;  resummation effects 
→ robust uncertainties in fiducial regions


